Convergent physiological and behavioral evidence indicates that the initial receptive fields responsible for motion detection are spatially localized. Consequently, the perception of global patterns of movement (such as expansion) requires that the output of these local mechanisms be integrated across visual space. We have differentiated local and global motion processes, with mixtures of coherent and incoherent moving patterns composed of bandpass filtered dots, and have measured their spatial-frequency selectivity. We report that local motion detectors show narrow-band spatial-frequency tuning (i.e., they respond only to a narrow range of spatial frequencies) but that global motion detectors show broadband spatial-frequency tuning (i.e., they integrate across a broad range of spatial frequencies), with a preference for low spatial frequencies.
INTRODUCTION
Physiological [1] [2] [3] and behavioral 4 studies have shown that the receptive fields of early visual mechanisms are highly selective for a limited range of stimulus attributes, such as spatial frequency and direction of movement, and that they are relatively small, responding to structure within only a very limited region of the visual field. However, the visual system is required to process information about a variety of motions, such as ego motion or the movements of large objects, which cannot be derived directly from such mechanisms and must be the result of combining a number of independent, local detectors across visual space. Such a view is consistent with a variety of recent behavioral [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and electrophysiological [18] [19] [20] [21] [22] [23] [24] [25] studies proposing that local motion signals form only the first stage of a hierarchically organized system that specializes in more complex global pattern motion at later stages.
Several investigators have examined the selectivity of motion detection mechanisms in humans with moving patterns of limited spatial-frequency content. Many studies have focused on estimating d max , the largest abrupt displacement of local features that observers can detect before their movement appears incoherent, 26 and it is now well established that d max scales inversely with the spatial frequency of narrow-band patterns. [27] [28] [29] [30] [31] [32] [33] [34] [35] Furthermore, the spatial-frequency structure of a moving pattern must be similar across each displacement to support motion detection 36 or to prevent the occurrence of phi motion 37 (illusory motion in the opposite direction), implying that motion detectors are narrowly tuned to the spatial frequency of their input. 38 However, motion perception can be masked by a broad range of spatial frequencies, 39 which instead implicates broad spatialfrequency selectivity for motion detectors.
A similar discrepancy in estimates of the spatialfrequency tuning of motion detectors has been found in studies of the motion aftereffect. With static test patterns, the longest motion aftereffect is elicited when the adapting and test gratings are of similar spatial frequency, [40] [41] [42] [43] implying narrow spatial-frequency tuning. However, with counterphase flickering test patterns (at temporal frequencies greater than 1 or 2 Hz), motion aftereffects can be weak, but the spatial-frequency tuning is broad. 43, 44 These results are consistent with the suggestion that motion aftereffects experienced with static and dynamic test patterns reflect adaptation at different processing levels of the visual system with different tuning properties. [43] [44] [45] [46] Consistent with these data, some computational models of visual motion processing sum early (V1) inputs across spatial frequencies, resulting in broader spatial-frequency tuning at later (MT/V5) stages of processing. 47, 48 To reconcile the conflicting behavioral data, one must recognize that the stimuli employed have not been designed selectively to target the notional local or global motion processing mechanisms mentioned above (see Ref. 49 for a review). We have developed a paradigm for differentiating two motion-processing stages in human observers that has allowed us to make independent measures of the spatial-frequency selectivity of first-stage local motion detectors and second-stage global motion integrators. Three patterns of motion were examined-translation, rotation, and radiation (cardinal components of optic flow)-based on computational, 50, 51 behavioral, 10 and electrophysiological [19] [20] [21] [22] studies implicating separate processing of these global patterns. Figure 1 shows a series of three element pairs. Each element is a dot that has been bandpass spatial-frequency filtered by an isotropic difference-of-Gaussian filter. The center frequencies of the elements in the left column are of medium spatial frequency, while the center frequency of the elements on the right includes medium, low, and high spatial frequencies. When either element is displaced (as suggested by the arrows), it will excite the receptive field of a local motion detector that is sensitive to the spatial frequency of the element. However, if the center frequency of the element is changed when it is displaced, the motion detector will respond only if it is sensitive to both the first and the second spatial frequency of the element-i.e., excitation will depend on the selectivity of the motion analyzer to the spatial frequencies of the two elements. Therefore the selectivity of the local motion detector can be determined from the change in motion sensitivity as a function of the change in spatial frequency of the first and the second dot. With this technique, a bandpass mechanism would be manifest by a loss in sensitivity when the spatial frequency of the second element is lower or higher than that of the first. A broadly tuned mechanism would respond roughly equally to all combinations of spatial frequencies, and sensitivity would be relatively unaffected by the spatial-frequency change.
RATIONALE A. Local Motion Conditions

B. Global Motion Conditions
Similar stimuli were employed to measure the spatialfrequency tuning of global motion detectors. As described in Subsection 2.A, the motion of the individual dot elements in random dot patterns is detected by local motion detectors. Because of the small receptive fields of these local detectors, [1] [2] [3] [4] the global pattern of these individual motions must be integrated across a large number of local detectors distributed across the stimulus. This process is illustrated schematically in Fig. 2 . How similar must the local directional signals be in order to be integrated? For example, suppose that motion signals at different spatial scales are processed independently. In this case, the coherent motion of 4-c/deg (c/deg ϵ cycles per degree) signal elements would be unaffected by random motion of noise elements at 2 or 8 c/deg, because these elements would excite a separate and independent population of motion detectors. Alternatively, suppose that motion signals at different scales are integrated by a mechanism that is sensitive to all spatial frequencies. In this case, the noise elements with a center frequency of 2 or 8 c/deg would mask the signal in the signal elements at 4 c/deg as effectively as in randomly moving elements at 4 c/deg. To test these competing predictions, we measured motion sensitivity for global motion patterns containing signal dots of the same spatial frequency moving in a coherent global pattern of motion (translation, rotation, or radiation) in the presence of noise elements of a range of spatial frequencies moving in random directions.
METHODS
A. Apparatus
Stimuli were generated on a Macintosh G3 computer with software adapted from the VideoToolbox routines 52 and were displayed on a Sony PS400 monitor in gray scale at a frame rate of 75 Hz. Stimuli had a mean luminance of 50 cd/m 2 and were displayed at 75% contrast. The luminance of the display was linearized with pseudo-12-bit resolution 53 in monochrome and calibrated with a Minolta photometer. Images were presented in gray scale by amplifying and sending the same 12-bit monochrome signal to all RGB guns of the display. The display mea- sured 20°horizontally (832 pixels) and 15°vertically (642 pixels) and was 57 cm from the observer in a dark room.
B. Procedure
Motion sensitivity was measured with a motion coherence paradigm. 54 In this task, the elements in a field of random dots can move either coherently (termed signal dots) or in random directions (noise dots). Sensitivity to motion was determined by measuring the proportion of signal dots required for observers to discriminate on 75% of trials a pattern containing a proportion of elements moving in a coherent direction (e.g., leftward) from a pattern containing elements moving only in random directions. The proportion of signal dots on any trial was under computer control by means of an independent QUEST staircase. 55 Each QUEST was initialized with a random starting proportion of signal dots and concentrated observations about a signal level producing 75% correct responses. There were 32 trials for every run, and each run was completed a minimum of four times. Conditions were run in a random order. A cumulative normal was fitted to the combined data of the four runs by a least-2 procedure, which minimizes
where o and e represent the observed and expected proportion correct and is the binomial standard deviation for a given level i. Motion coherence threshold and 95% confidence intervals were inferred from the 75% correct point of the psychometric function.
Subjects were presented with a series of two-interval forced-choice trials. One of the intervals (at random on each trial) contained a moving pattern in which all elements moved in random directions. In the other interval, a proportion of the elements were shifted in a coherent global pattern while the remainder moved in random directions. The observer's task was to fixate a central cross at all times and to indicate the interval containing coherent motion by pressing one of two mouse buttons. Auditory feedback was provided for incorrect responses. Three global patterns were tested on separate runs: translation (left/right), rotation (clockwise/anticlockwise), and radiation (expansion/contraction). Subjects were informed which global pattern was being tested on a given run. Motion coherence thresholds were defined as the proportion of signal dots required for observers to discriminate coherent motion from random motion on 75% of trials. Motion coherence sensitivity was defined as the inverse of motion coherence threshold.
C. Stimuli
Each animation frame contained 200 elements, where each element was a bandpass isotropic difference of Gaussians
where c is the standard deviation of the center and s is the standard deviation of the surround Gaussian. The two Gaussians were dc balanced, and the standard deviation of the surround Gaussian was always 1.5 times that of the center Gaussian, giving a half-amplitude full bandwidth of 1.8 octaves.
The elements were shifted every third video frame to produce apparent motion. The displacement size of signal and noise dots depended on the condition. For rotation, the global rate of rotation was 0.5 cycle/s, and the displacement size of signal and noise elements covaried with distance from the center. The displacement size of noise elements covaried with distance from the center in the same way as that for signal elements, but the direction of motion was random. Radial motion was produced by calculating the displacement as a function of eccentricity as for rotation at 0.5 cycle/s, but the direction of movement was shifted by 90°to produce a global pattern of expansion or contraction. The displacement of noise elements was the same as that for rotation. For translation, the displacement of signal and noise elements was 15 arc min, the direction of motion for signal elements was left or right, and the direction of motion of noise elements was random. This displacement was equal to that of elements at the middle of the radius for rotation and radial motion and was equivalent to a speed of 6 deg/s for continuous motion. The elements each had a ''lifetime'' of two frames (one displacement) to eliminate any coherent motion signal across alternate animation frames that could be tracked by observers. After it had been displaced, an element's life was over, it was randomly repositioned, and its lifetime was reset to 0. Each element was initialized with a random starting age of 0 (in which case it was displaced by the required distance on the next frame) or 1 (in which case it was extinguished and repositioned on the next frame). This prevented the flicker that would occur if all elements expired simultaneously.
Five center frequencies were employed: 1, 1.4, 2, 2.8, and 4 c/deg; illustrations of the stimuli are shown in Fig.  3 . We set the displacement of the elements to be equal to ensure constant speeds for all center frequencies. However, this meant that elements of different center frequencies were displaced a different proportion of the peak frequency. In control conditions, we determined that motion coherence thresholds were equal for all center frequencies. Spatial antialiasing to 0.1-pixel accuracy was achieved by generating difference-of-Gaussian elements with 10-times magnification that were subsampled for each element drawn to each animation frame.
The elements were plotted within a circular aperture with a diameter subtending 8°of visual angle. The outer edge of the circular aperture and the edge around the blank central fixation region were blurred with a raised cosine edge (extending 15 arc min) to eliminate sharp edges at the display boundaries. Similarly, the onset and the offset of the stimuli were smoothed with a raised cosine temporal contrast envelope over 53 ms.
Fourteen conditions were randomly interleaved on any run: five local and nine global motion conditions. Local motion conditions: On each of the five local motion conditions, there were 200 moving elements. The computer manipulated the proportion of these elements that moved in the signal direction (translation, rotation, or radiation); the direction of all remaining dots was selected at random. The spatial frequency of each element was swapped each time the element was displaced. The following pairings were employed: 1 ↔ 2, 1.4 ↔ 2, 2 ↔ 2, 2.8 ↔ 2, and 4 ↔ 2 c/deg, where 1 ↔ 2 means that every element changed spatial frequency between 1 and 2 c/deg with each displacement, and so on.
Global motion conditions. For the global motion conditions, stimuli were composed of 100 elements at the target spatial frequency and 100 elements at the mask spatial frequency.
The computer manipulated the proportion of the target elements that moved in the signal direction (either a translation, a rotation, or a radiation, depending on the condition); the directions of the remaining elements at the target frequency were randomly assigned. All masking spatial elements moved in random directions. In five of the global motion conditions, the target spatial frequency was centered at 2 c/deg, and the center frequency of mask elements was either 1, 1.4, 2, 2.8, or 4 c/deg. However, had we presented only these global conditions, it is possible that observers might have selectively attended only to the elements at 2 c /deg and tried to ignore the elements at other spatial frequencies (although, in practice, this is unlikely because local and global conditions were randomly interleaved). Nevertheless, to render this strategy ineffective, we included four additional global conditions in which the target spatial frequency was centered at either 1, 1.4, 2.8, or 4 c/deg, and the mask spatial frequency was fixed at 2 c/deg. This made it impossible for observers to predict which elements carried the signal and which were noise, thus forcing them to consider elements at all spatial scales on every trial. Some previous investigations of motion perception employing a global motion coherence task have examined the effects of segmentation cues between signal and noise dots for translational motion. In some conditions, it has been reported that white signal dots are masked equally by black or white noise dots 56, 57 ; however, other studies have reported that observers can segment signal and noise dots by polarity and other cues, such as color 57, 58 or depth. 59, 60 It has been argued that signal detection is facilitated only when observers can attend to the segmentation cues of the signal dots. 60 Our paradigm effectively controls for such attentional effects. Figure 4 shows motion coherence sensitivity as a function of the fellow spatial frequency that was paired with a 2-c/ deg test element. Squares show data for global patterns of translation, circles show data for global patterns of radiation, and triangles show data for global patterns of rotation. The curves show the results of a least-squares fit to the data using a log-Gaussian function, weighted by the error bars. The data for the three global patterns were well fitted by log-Gaussian functions with the same peak frequency (PB: 2.02 c/deg, SD: 1.96 c/deg) and standard deviation (PB: 0.92 octave, SD: 1.04 octaves), as only a small reduction in residual was achieved by allowing these parameters to vary separately for each function. The functions were height shifted to allow for the differing sensitivities to the three classes of motion. It can be seen that motion coherence sensitivity falls precipitously with difference in center frequency. This finding is consistent with models that postulate narrowly tuned receptive fields for local motion detectors (e.g., Refs. 61-63). Figure 5 shows motion coherence thresholds for two observers as a function of the spatial frequency of the masking elements. Squares show data for global patterns of translation, circles show data for global patterns of radiation, and triangles show data for global patterns of rotation. Solid symbols show thresholds for 100 elements at the target spatial frequency in the absence of any additional masking elements. The data have been leastsquares fitted with an exponential function, weighted by the error bars. The data for all global patterns of movement were fitted by exponential functions with the same decay constant (PB: 2.31 c/deg, SD: 2.96 c/deg), as only a small reduction in residual was achieved by allowing the decay constant to vary separately for each function. Fig. 3 . Illustration of typical single frames from our movies, representing both local and global conditions: (a) 200 elements with the same peak spatial frequency (medium), (b) 100 elements at medium frequency and 100 at high frequency, (c) 100 elements at medium frequency and 100 at low frequency. Under local conditions, every element changed spatial frequency with each displacement. Under global conditions, target and noise elements did not change spatial frequency.
RESULTS AND DISCUSSION
A. Local Motion Detectors
B. Global Motion Detectors
Again, the functions were height shifted to allow for the differing sensitivities to the three classes of motion. LogGaussian functions did not characterize the data as well but had large bandwidths (PB: 10.2 octaves, SD: 3.3 octaves). The data show that motion coherence thresholds were highest at the lowest mask center frequencies. This shows that whatever mechanism is pooling the motion of the signal elements is also sensitive to the low-frequency masking elements.
One potentially confounding variable in the global motion coherence task is that contrast sensitivity to the elements depends on the center frequency. It is therefore possible that the greater masking effect of low-frequency elements reported in experiment 2 could simply be the result of higher sensitivity to low-spatial-frequency elements. This explanation is unable to explain the pattern of results in experiment 1, because motion sensitivity fell whether the fellow spatial frequency was lower or higher than that of the target. Although it has been shown that apparent contrast is independent of spatial frequency at high contrasts, 64 we repeated experiment 2 with elements at a contrast that was 5 times their contrast detection threshold. The procedure for measuring contrast detection thresholds was the same as that in the main experiment, except that observers were required to discriminate an interval containing 200 translating elements at 50% coherence from a blank interval, with auditory feedback provided on incorrect trials. Contrast thresholds for translation, rotation, and radiation were compared for one observer (PB) and were the same for each global pattern. The results of the global motion sensitivity task with all elements at 5 times contrast threshold are shown in Fig. 6 . It can be seen that in this case the motion of the target elements was effectively masked by all spatial frequencies. Thus global motion integrators are sensitive to a broad range of spatial frequencies if the contrast of the elements is sufficiently high.
Contribution of second-order motion detector. An alternative explanation of the broad spatial-frequency tuning of global motion detectors could be based on the operation of second-order 65 or perhaps third-order 66 / feature-tracking 67 motion detectors. Following full-or half-wave rectification, 65, 68, 69 second-order motion detectors would respond to the circular envelope of our stimuli, which, although of different sizes, contain common lowspatial-frequency structure after rectification. It is therefore possible that the broad spatial-frequency tuning that we observe under global motion conditions could simply reflect the activity of second-order motion detectors responding to this structure.
Similarly, featuretracking 66, 67, 70 processes could, in principle, track motion between elements of differing center frequency, resulting in little or no spatial-frequency tuning. However, the limited lifetime, the brief exposure duration, the high density, and the stochastic properties of our stimuli are not favourable for second-order [71] [72] [73] or featuretracking 66, 74 mechanisms, casting doubt on this explanation. Moreover, a further factor militates against this view. The nonlinear processing of second-and thirdorder detectors would be expected to occur under both our local and global motion conditions (the conditions were all interleaved, so the observer had no way of knowing whether the trial was a local or a global condition). One would therefore have expected broad spatial-frequency tuning under both conditions, however, the tuning that we observe is clearly different for each condition.
CONCLUSIONS
The results support behavioral and physiological studies showing that global motion perception involves two stages of analysis. Here we report that first-stage local motion analyzers are narrowly tuned for spatial frequency, while second-stage global motion detectors are broadly tuned for spatial frequency. These results reconcile puzzling differences in spatial-frequency selectivity found in previous studies implicating narrow 36, 37, [40] [41] [42] or broad 39, 43, 44 spatial-frequency selectivity for motion perception.
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